To investigate the long-term impact of pneumoperitoneum used for laparoscopic donor nephrectomy on renal function and histomorphology in donor and recipient.
Summary Background Data
Laparoscopic donor nephrectomy has the potential to increase the number of living kidney donations by reducing donor morbidity. However, function of laparoscopically procured kidneys might be at risk due to ischemia as a consequence of elevated intra-abdominal pressure during laparoscopy.
Methods
In experiment 1, 30 Brown Norway rats were randomized to three procedures: 2 hours of CO 2 insufflation, 2 hours of helium insufflation, and 2 hours of gasless laparoscopy. After this, a unilateral nephrectomy was performed in all animals. Another six rats were used as controls. In experiment 2, 36 donor Brown Norway rats were subjected to a similar insufflation protocol, but after nephrectomy a syngeneic renal transplantation was performed. All rats had a follow-up period of 12 months. Urine and blood samples were collected each month for determination of renal function. After 1 year, donor and recipient kidneys were removed for histomorphologic and immunohistochemical analysis.
Results
In donors as well as in recipients, no significant changes in serum creatinine, proteinuria, or glomerular filtration rate were detected between the CO 2 , the helium, and the gasless control group after 1 year. No histologic abnormalities due to abdominal gas insufflation were found. Immunohistochemical analysis did not show significant differences in the number of infiltrating cells (CD4, CD8, ED1, OX62, and OX6) and adhesion molecule expression (ICAM-1) between the three groups.
Conclusions
Abdominal gas insufflation does not impair renal function in the donor 1 year after LDN. One year after transplantation, no differences in renal function or histomorphology were detected between kidney grafts exposed to either pneumoperitoneum or a gasless procedure.
kidneys have higher creatinine levels and a greater need for dialysis in the first weeks posttransplantation. [2] [3] [4] Mechanical injury of the graft due to atraumatic handling, longer warm ischemia time caused by more time-consuming extraction, and renal ischemia due to pneumoperitoneum have been suggested to cause early graft dysfunction. Clinical and experimental studies have shown that during laparoscopic procedures, increased intra-abdominal pressure can cause transient renal dysfunction (oliguria) due to impaired renal blood flow, caused by compression of both renal parenchyma and renal vessels. [5] [6] [7] However, the effect of prolonged pneumoperitoneum on the renal function of the remaining kidney of the donor has been poorly studied. Moreover, LDN can become the new gold standard only if it is clear that graft function after laparoscopic kidney procurement is not at stake.
The objective of this experimental study is to determine the long-term impact of pneumoperitoneum on renal function, histomorphology, and immunohistology in both donor and recipient.
MATERIALS AND METHODS

Animals
Male rats of the inbred Brown Norway strain, weighing 250 to 300 g and aged 10 to 12 weeks, were obtained from Charles River (Someren, The Netherlands). Rats were bred under specific pathogen-free conditions. The animals were kept under standard laboratory conditions (temperature 20 -24°C, relative humidity 50 -60%, 12 hours light/12 hours dark), fed with laboratory diet (Hope Farms, Woerden, The Netherlands), and given free access to water. During the experiments, no additional fluid resuscitation of the rats was used. The experimental protocols adhered to the rules laid down by the Dutch Animal Experimentation Act and were approved by the Committee on Animal Research of the Erasmus University Rotterdam.
Operative Procedures
Experiment 1: Kidney Donor
Anesthesia was established with pentobarbital sodium 20 mg/kg/h intraperitoneally (Nembutal; Sanofi Sante Animale Benelux BV, Maassluis, The Netherlands), given every 30 minutes. The rat was placed on the operating table in the supine position and the abdomen was shaved and cleaned with 70% alcohol and dried with gauze. After making a 5-mm skin incision in the midline of the abdomen, a shortened 5-mm trocar (Ethicon Endo-Surgery, Cincinnati, OH) was introduced and secured with a purse-string suture. Rats that had a gaseous pneumoperitoneum were insufflated with CO 2 or helium to a maximum pressure of 12 mmHg. In the gasless control group, abdominal wall lifting was established by a suture attaching the trocar to a mechanical arm positioned over the rat. The duration of pneumoperitoneum was 120 minutes. This length was based on results from previous studies that suggested that a longer study period would require mechanical ventilation of the rats due to the combined negative effect of anesthesia and pneumoperitoneum on cardiorespiratory function. 8 Body temperature was kept within the normal range by a heating pad. After 120 minutes of pneumoperitoneum, the abdomen was desufflated and the trocar was removed. Following this, a unilateral nephrectomy was performed through a small midline laparotomy. The incisions were closed in one layer with continuous 2-0 silk sutures (B. Braun, Melsungen, Germany) and animals were placed in their cages.
Experiment 2: LDN and Kidney Transplantation
Rats were randomized for CO 2 , helium, or gasless pneumoperitoneum as described in experiment 1. Rats were insufflated to a maximum pressure of 12 mmHg for 120 minutes. After desufflation, heparin (100 IU) was injected intravenously, and subsequently the left donor kidney was excised through a midline laparotomy and stored at 4°C. Recipient rats were anesthetized with ether, after which kidney grafts were transplanted heterotopically, using a modification of the technique described by Fisher and Lee. 9 The donor renal artery and vein were anastomosed end-toside to the recipient aorta and vena cava, respectively, using continuous 9-0 prolene (B. Braun). During surgery, the graft was wrapped in a gauze moisturized with phosphate-buffered saline at 4°C. The perioperative ischemic time was 30 minutes. After revascularization, the ureter was anastomosed end-to-end to the distal third part of the recipient ureter using interrupted 10-0 prolene sutures. The left kidney was removed at the time of transplantation, while the contralateral kidney was resected 1 week later.
Experimental Design
In experiment 1, 30 rats were randomized to CO 2 , helium, or gasless pneumoperitoneum. After desufflation, animals were unilaterally nephrectomized. Six rats served as native controls. In these animals, no anesthesiologic or surgical procedure was performed. In experiment 2, the donor procedure was repeated in 36 rats, and subsequently a syngeneic kidney transplantation was performed.
In all animals, renal function was determined monthly. After 52 weeks, all animals were killed and kidneys were removed for histomorphologic and immunohistologic evaluation.
Functional Measurements
Urine was collected monthly by placing the rats individually in metabolic cages (Tecniplast, Buguggiate (Va), Italy) for 24 hours. Protein excretion was measured colorimetrically by the addition of pyrogallol red. 10 The glomerular filtration rate (GFR) per 100 g body weight was based on the clearance of creatinine (GFR [mL/min] ϭ creatinine urine ϫ 24 hours volume/creatinine serum ). Serum and urinary creatinine levels were determined using the Jaffé method without deproteinization.
Macroscopy and Histology
Kidneys of donor and recipient animals and native controls were harvested at the end of the follow-up period. At the time of sacrifice, the diameter of the ureter of the recipient kidney was measured. The kidney transplants were examined for signs of ischemic damage, such as swelling and infarction. All kidneys were weighed and fixed by immersion for 48 hours in a 3.6% buffered formaldehyde solution after longitudinal bisection and embedded in paraffin. Sections (1 m) were stained with hematoxylin and eosin, silver (modified Jones staining), and periodic acid Schiff and evaluated by two investigators (I.M.B. and D.P.H.). Histologic signs of chronic transplant dysfunction were assessed according to the Banff criteria. 11 Briefly, glomerulopathy, interstitial fibrosis, tubular atrophy, and intimal hyperplasia were determined separately with a score of 0, normal; 1, mild, up to 25% affected; 2, moderate, 25% to 50% affected; and 3, severe, more than 50% changes.
Immunohistology
Representative specimens of all kidneys were stained on 5-m cryostat sections by a three-layer immunoperoxidase technique. After fixation with acetone for 10 minutes, tissues were dehydrated through graded alcohols. To block endogenous peroxidase activity, tissues were incubated for 10 minutes in methanol/0.03% H 2 O 2 . After rehydration the nonspecific binding was blocked by preincubation with 10% Normal Rabbit serum (Dako, Copenhagen, Denmark) in phosphate-buffered saline/bovine serum albumin 5%. This was followed by a 1-hour incubation with primary monoclonal antibodies (Serotec, Oxford, UK) for identification of CD4ϩ cells (W3/25), CD8ϩ cells (OX-8), monocytes/macrophages (ED-1), dendritic cells (OX-62), major histocompatibility complex (MHC) class II antigens (OX-6), and intercellular adhesion molecule 1 (ICAM-1). After each incubation, slides were washed in PBS-Tween 20, 0.1%. A second layer, rabbit antimouse IgG (Dako) was then applied for 30 minutes; after washing, slides were incubated with the third layer, mouse peroxidase-antiperoxidase (Dako) for 30 minutes. After washing in phosphate-buffered saline, the reaction was developed by the addition of diaminobenzidine substrate (Dako) and slides were counterstained in Mayer's hematoxylin for 40 seconds, washed, dehydrated, and mounted.
The analysis was done blindly as to the experimental group. Positive cells were counted at 400ϫ magnification using a calibrated micro-ocular grid in more than 16 fields of view and expressed as the number of positive cells per 0.1 mm 2 . For ICAM-1 expression, the intensity on endothelium and tubules was measured semiquantitatively on a 0-to-3 scale (0, none; 1, mild; 2, moderate; 3, dense).
Statistical Analysis
Statistical analysis of all data on urinary production, creatinine, proteinuria, GFR, histomorphology, and immunohistology was performed using the Kruskal-Wallis oneway analysis of variance followed by the Mann-Whitney test. Statistical significance was accepted at P Ͻ .05.
RESULTS
Renal Function
In experiment 1, one rat in the CO 2 group died after 44 weeks without any signs of renal dysfunction. All other animals survived the 1-year study period. Figure 1 shows the data on urinary production, creatinine, proteinuria, and GFR of the rats that underwent donor nephrectomy after insufflation with CO 2 and helium or abdominal wall lifting. There were no significant differences in urinary production among kidney donors in the CO 2 , helium, or gasless control groups, although at one time point (44 weeks) urinary production was higher in the CO 2 group compared to the gasless control group and the native control group (P ϭ .023 and P ϭ .022, respectively). Mean serum creatinine levels did not significantly differ among the CO 2 , helium, or gasless control groups. However, at 8 weeks and at 52 weeks, serum creatinine values were significantly lower in the native controls compared to the CO 2 , helium, and gasless control group (P Ͻ .001 and P ϭ .005, respectively). Kidney donors had a stable urinary protein excretion during the 1-year follow-up, although rats in the CO 2 and the native control group had a higher urinary protein excretion compared to gasless controls at 4 weeks after nephrectomy (P ϭ .043 and P ϭ .002, respectively). Significant differences in GFR were documented at two time points during the study period. At 4 weeks, GFR was significantly higher in the CO 2 group compared to the gasless and the native control group (P ϭ .006 and P ϭ .036, respectively). At 48 weeks, GFR was significantly higher in gasless controls compared to the CO 2 group (P ϭ .010).
In experiment 2, four rats with a renal transplant did not survive the study period. Two rats in the CO 2 group died after 3 months, one rat in the helium group died after 5 months, and one rat in the gasless control group died 1 week before sacrifice. In all cases, mortality was not associated with signs of renal dysfunction, such as an increase in mean serum creatinine or proteinuria. In addition, kidneys had a normal appearance at autopsy. Figure 2 shows the data on urinary production, creatinine, proteinuria, and GFR in recipients of a graft exposed to CO 2 or helium insufflation or abdominal wall lifting. There were no significant differences in urinary production between the CO 2 , helium, or gasless control group during the study period. Mean serum creatinine levels in the three experimental groups did not significantly differ over time. Urinary protein excretion was significantly higher in the helium group compared to the CO 2 group at 20 weeks (P ϭ .013) and in the CO 2 group Long-Term Impact of Pneumoperitoneum compared to the gasless control group at 36 weeks (P ϭ .020). After 44 weeks, urinary protein excretion showed a tendency to increase, but there were no significant differences between the CO 2 , helium, and gasless control groups. At 20 weeks, GFR was lower in the CO 2 group compared to the helium group (P ϭ .001), and after 36 weeks, GFR was higher in the CO 2 group compared to the helium group and the gasless control group (P ϭ .002 and P ϭ .038, respectively). Except for these time points, GFR was stable throughout the study period in all recipients.
Macroscopic Appearance and Histology
In experiment 1, after 1 year all remaining kidneys in the three donor groups and in native controls had a normal macroscopic appearance. Mean kidney weight in native control rats was 1.53 g. One year after nephrectomy, there was a significant increase in kidney weight in the CO 2 , the helium, and the gasless control groups (mean weight 2.22 g, 2.19 g, and 2.17 g, respectively) (P Ͻ .001 for each group). The differences in kidney weight were not significant among the experimental groups. Histomorphologically, all kidneys showed some propulsion of intratubular capillary vessels. Signs of chronic ischemia such as wrinkling of the glomerular basal membrane were found in all specimens. Signs of membranoproliferative glomerular nephritis, characterized by a double glomerular basement membrane and mild endocapillary proliferation, were detected in one specimen in the helium group, in two specimens in the gasless control group, and in two native control kidneys. Furthermore, mild focal interstitial infiltrates were found in kidney specimens in the CO 2 (n ϭ 2), helium (n ϭ 2), and gasless control group (n ϭ 1).
In experiment 2, there were no significant differences in the weight of kidney grafts exposed to CO 2 , helium, or abdominal wall lifting 1 year after transplantation (mean weight 2.84 g, 2.69 g, and 2.65 g, respectively). Mild glomerular ischemic damage and endocapillary proliferation was detected in kidneys of all three experimental groups. Focal infiltration of lymphocytes and proliferation of fibroblasts was mostly found in the proximity of the ureter. Some of the tubules contained protein cylinders. In all animals, Banff scores varied from 0 to 1, indicating that less than 25% of the tissue showed glomerular, vascular, or interstitial changes. One year after transplantation, total Banff scores were 0.6 for the CO 2 group, 0.6 for the helium group, and 0.5 for gasless controls (P ϭ .57).
Immunohistology
In experiment 1, the type and number of infiltrating cells and ICAM-1 expression in kidneys exposed to either CO 2 or helium insufflation, abdominal wall lifting, and in native control rats are shown in Table 1 . One year after LDN, there were no significant differences in cellular infiltration (CD4ϩ cells, CD8ϩ cells, ED1ϩ monocytes/macrophages, dendritic cells, and MHC class IIϩ cells) among the CO 2 , helium, or gasless control groups. In addition, no significant differences were detected when compared to native control rats. Furthermore, expression of ICAM-1 was similar among all four groups. 
Long-Term Impact of Pneumoperitoneum
In experiment 2, the type and number of infiltrating cells and adhesion molecule expression in transplanted kidneys exposed to CO 2 insufflation, helium insufflation, and abdominal wall lifting are shown in Table 2 . One year after transplantation, there were no significant differences in cellular infiltration in kidney grafts in the CO 2 , helium, or gasless control groups. In addition, there were no differences in ICAM-1 expression between the three experimental groups.
DISCUSSION
Laparoscopic donor nephrectomy was first described by Ratner et al. 12 Concern has been raised about the potential negative impact of this new technique on renal graft function. One of the main differences between the open and the laparoscopic technique is the use of a pneumoperitoneum. Elevated intra-abdominal pressure, due to abdominal gas insufflation, has been shown to decrease renal blood flow, 7 rendering the graft susceptible to ischemia. 4 In addition, rapid absorption of CO 2 through the peritoneal surface causes respiratory acidosis, which may affect renal vascular resistance due to increased sympathetic activity. 13 The objective of this study was to determine the impact of pneumoperitoneum on donor and recipient outcome in terms of long-term renal function and histomorphology. A follow-up period of 1 year was based on results from previous experimental studies in which exposure of kidney grafts to a period of ischemia led to renal dysfunction from 20 weeks posttransplantation. 14 To differentiate between the potential negative effects of CO 2 absorption, we used helium as an alternative insufflation gas, because this inert gas does not influence arterial pH and pCO 2 . 15 The use of a syngeneic rat model enabled us to study the influence of pneumoperitoneum as an isolated factor on cell infiltration and function of the kidney graft, in the absence of an allogeneic response with subsequent rejection. Donor rats were exposed to a pneumoperitoneum of 12 mmHg, which is similar to the insufflation pressure used for clinical laparoscopic renal procurement at our institution. 16 The present study demonstrates that 52 weeks after donor nephrectomy, renal function in a unilaterally nephrectomized rat is not significantly influenced by a prolonged period of CO 2 or helium insufflation when compared to normal age-matched rats or to rats that had gasless laparoscopy. Furthermore, a 2-hour period of abdominal gas insufflation did not show any adverse effects on renal function 1 year after transplantation. Although some significant differences were found in some renal parameters at various time points, a consistent pattern of renal dysfunction due to abdominal gas insufflation could not be detected in this study.
Few data exist on the effect of pneumoperitoneum on renal histology. In an experimental study in rats, Lee et al. showed that a prolonged period of pneumoperitoneum does not cause any histologic changes in kidneys within 3 months after the procedure. 17 These findings are in concordance with our results, although we used a different study design by simulating a laparoscopic donor nephrectomy and subsequently performing a kidney transplantation.
Histopathologic evaluation of all donor and recipient kidneys did not show significant differences between the CO 2 and helium insufflation groups and the gasless control group after 52 weeks, suggesting that abdominal insufflation does not have a deleterious effect on histomorphology. It has been shown that ischemia can increase the immunogenicity of the donor kidney by inducing MHC class II expression. 18, 19 To investigate whether abdominal insufflation causes additional cellular infiltration of the kidney graft, we performed immunohistochemical analysis of kidneys 52 weeks after either nephrectomy or transplantation. Several studies have reported beneficial effects of helium as an alternative insufflation gas. Jacobi et al. found that CO 2 pneumoperitoneum significantly increased tumor growth in comparison to helium, a finding attributed to changes in pH. 20 In theory, cellular acidification caused by CO 2 pneumoperitoneum could impair immunologic processes in the kidney graft, resulting in renal dysfunction. Our study demonstrates that 52 weeks after kidney transplantation, there is no significant influence on immunohistologic parameters in rat kidney grafts due to either CO 2 or helium insufflation.
LDN has evolved as an attractive alternative to the conventional approach by reducing donor morbidity. Initial reports of delayed graft function after laparoscopic kidney procurement has not stopped surgeons from adopting this technique, but skepticism concerning recipient outcome persists. 21 In recent years, several studies have reported similar recipient outcomes after LDN when compared with the open approach. 3, 16, 22, 23 However, at present there are no randomized clinical trials on this topic, and follow-up of graft function in most series has been relatively short. Therefore, it is possible that any alterations in long-term function have not been encountered yet. The results from our study, using an established kidney transplantation model, are in concordance with data from clinical studies, suggesting that the reported initial delayed graft function may be due to factors other than the pneumoperitoneum. Some authors have described a substantial learning curve for LDN, which in some cases resulted in mechanical damage to the graft and inadequate dissection of renal vasculature or the graft ureter. 2, 24 Others describe that warm ischemia times shortened after the surgical team gained more experience. 4 In their extensive review, Merlin et al. stressed that it will take years before data on long-term graft function after LDN are available. 21 Until results from large series with long-term follow-up become available, experimental studies may help us to gain further insight in kidney graft function after LDN.
In summary, we conclude from this study that a prolonged period of abdominal insufflation with CO 2 or helium does not impair renal function or affect renal histomorphology in donors and recipients in the long term. Therefore, continued development and adoption of the laparoscopic approach for living donor nephrectomy appears justified.
